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Abstract. In this paper we discuss the viscoelastic properties of CNF/Epoxy-Amine Resins for structural
applications. The use of reactive diluent inside the unfilled and nanofilled epoxy mixture as proven to be of benefit
to strongly decrease the viscosity.
Keywords: Epoxy resins; Viscoelasticity in rheology; Scanning electron microscopy; Composite materials rheology;
Nanotechnology nanoscale materials and structure
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INTRODUCTION
Resins filled with conductive nanofillers were proposed in literature to overcome drawbacks related to insulating
properties of the epoxy resins used to manufacture carbon fiber reinforced composites (CFRCs) [1-5].
Nanofilled resins made of conductive nanostructured forms of carbon show significant increases in their electrical
conductivity even at low nanofiller concentrations. Among mono-dimensional shaped forms of carbon, carbon
nanofibers (CNFs) offer very promising results. The values of electrical conductivity of nanofilled epoxy resins are
similar to those found for epoxy matrices filled with CNTs. However, it has to be considered that CNFs/epoxy resins
are obtained by an easier production process mainly in the step of nanofiller dispersion inside the epoxy liquid
mixture, which is a very difficult step before the curing process. Further criticalities are related to the processing
methods employed to manufacture CFRCs. Economic and efficient means of producing high performance fibrereinforced composites, containing nanofiller embedded in the resin which impregnates CFs, are critically limited by
the initial viscosity of epoxy precursors. Generally, the physical properties of epoxy resins strongly depend on the
functionality of the epoxy precursor; a tetrafunctional precursor for example assures good properties of the cured
resin due to the high level of crosslinking density. Unfortunately, this advantage also causes inconveniences
resulting from the high viscosity of the tetrafunctional precursor, the brittleness and poor resistance to crack
propagation. In this paper we show the first results on the rheological properties of an aeronautic formulation [6-7]
obtained by blending the epoxy precursor with a reactive modifier that performs a double function, as flexibilizer
and regulator of viscosity for a best dispersion of nanoparticles.

Materials
CNFs in the form of powders used in this study were produced at Applied Sciences Inc. and were from the
Pyrograf III family. The pristine CNFs used in this study are labeled as PR25XTPS1100 where XT indicates the
debulked form of the PR25 family. The morphological parameters are shown in Table 1.
Sample PR25XTPS1100 was heat treated to 2500 °C to provide the best combination of mechanical and electrical
Times of Polymers (TOP) and Composites 2014
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properties, giving the sample the name PR25XTPS2500.
The epoxy matrix was prepared by mixing an epoxy precursor, tetraglycidylmethylene dianiline (TGMDA)
(epoxy equivalent weight 117–133 g/eq), with an epoxy reactive monomer 1-4 butanediol diglycidyl ether (BDE)
that acts as a reactive diluent. The curing agent investigated for this study is 4,4-diaminodiphenyl sulfone (DDS).
The epoxy mixture was obtained by mixing TGMDA with BDE monomer at a concentration of 80%:20% (by wt)
epoxide to flexibilizer. The hardener agent was added at a stoichiometric concentration with respect to all the epoxy
rings (TGMDA and BDE), this mixture will be named TBD in the following.
Epoxy blend and DDS were mixed at 120 °C and the CNFs (samples PR25XTPS1100 and PR25XTPS2500) were
added and incorporated into the matrix by using an ultrasonication for 20 min. An ultrasonic device, Hielscher
model UP200S (200 W, 24 kHz) was used. Our experiments show that nanofilled resins with loads beyond 1.3% by
weight have difficulty in establishing a homogeneous mixture.
TABLE 1. Morphological parameters of PR25XTPS1100 CNFs.
Average Bulk Density of Product, (lb/ft3)
1.2-3.0
Nanofiber Wall Density, (g/cm3)
2.0-2.1
1.4-1.6
Nanofiber Density (including hollow core), (g/cm3)
Average Catalyst (Iron) Content, (ppm)
<14,000
Average Outer Diameter, (nm)
125-150
50-70
Average Inner Diameter, (nm)
65-75
Average Specific Surface Area, m2/g
Total pore volume (cm3/g)
0.140
Average Pore Diameter (angstroms Å)
82.02

Micrographs of nanofilled epoxy composites were obtained using a Field Emission Scanning Electron Microscope
(FESEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany). Nanofilled sample sections were cut from
solid samples by a sledge microtome. These slices were etched before the observation by FESEM. The nanofilled
sample sections were placed on a carbon tab previously stuck to an aluminum stub (Agar Scientific, Stansted, UK).
The samples were covered with a 250-A° -thick gold film using a sputter coater (Agar mod. 108 A).
The rheological measurements were carried out in a Physica MCR 301 (Anton Paar) rotational rheometer equipped
with a parallel plate geometry (50 mm diameter, 1mm gap) on the pure TGMDA epoxy precursor, on the binary
TGMDA-BDE system (named TB blend), on the ternary TGMDA-BDE-DDS system (named TBD in the following)
and on the CNFs-TBD nanocomposites with 0.5 wt % nanofiber content. Nanocomposites with PR25XTPS1100
nanofibers as well as nanocomposites with PR25XTPS2500 nanofibers have been tested. Strain sweep tests, at the
frequency of 1 rad/s and T=75°C, were previously performed to determine the linear viscoelastic region. Small
amplitude oscillatory shear measurements at 1% strain, within the linear viscoelasticity regime, were, then,
performed in the frequency range comprised between 10-2 and 102 rad/s, at the temperature of 75 °C.

Morphological analysis
Figure 1 shows FESEM images of nanofilled epoxy composites at loading concentration of 1.0 per cent by weight
of CNFs. The as-received CNFs filled composites are on the top and those with heat-treated CNFs are on the bottom.

300 nm

300 nm
FIGURE 1. Fracture surface FESEM images (enlargement) of the nanofilled epoxy resins at loading concentration of 1.0 per
cent by weight: as received CNFs filled resin is on the top, heat-treated CNFs filled resin is on the bottom.

387
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
131.238.108.131 On: Wed, 03 Feb 2016 14:38:58

FESEM investigations highlight that heat-treated CNFs seem to be characterized by a more straight structure than
un-treated CNFs. This morphological characteristic is most probably due to a more perfect rigid structure which
results in a less tendency to bend with respect to untreated CNFs. This straight morphological feature is statistically
observed for all the concentrations of heat-treated CNFs. FESEM images also evidence that heat-treated CNFs
seems statistically to show a narrowing of the diameter, this effect can be well observed in Figure 1, where the
samples filled with untreated and heat-treated CNFs were acquired with the same magnification after a strong
etching procedure. In addition, heat-treated CNF seems statistically less bonded to the epoxy matrix; in fact, in the
case of untreated CNFs, the majority of the CNFs is tightly tied to the epoxy matrix.

Rheological analysis
The complex viscosity (*) values versus the frequency () for the TGMDA epoxy precursor and for the binary
TGMDA-BDE blend 80%:20% (by wt), named TB, are reported in Figure 2. The results evidence that * is constant
in the whole frequency range tested, showing a Newtonian behaviour for the pure TGMDA epoxy precursor and for
the binary TB blend. The inclusion of the flexibilizer BDE diluent, then, decreases the viscosity of the TGMDA, so
that the dispersion of the nanofibers in the high viscosity TGDMA epoxy precursor is improved.
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FIGURE 2. Complex viscosity (*) vs frequency () for
the TGMDA epoxy precursor and for the TGMDA-BDE
blend (TB); T= 75°C.

FIGURE 3. Complex viscosity (*), storage (G’) and loss
(G’’) moduli vs frequency () for the 0.5 wt%
PR25XTPS2500-TBD nanocomposite; T = 75°C.

The inclusion of the heat-treated PR25XTPS2500 carbon nanofibers in the formulated TBD epoxy mixture
(TGDMA-BDE-DDS) significantly modifies the rheological behaviour of the TBD mixture itself. In fact, at 0.5 wt
% PR25XTPS2500 nanofiber content, the complex viscosity clearly shows a shear thinning behaviour with*
values much higher at the lower frequencies, as shown in Figure 3 for the temperature T = 75°C. On the contrary,
the nanocomposite with 0.5 wt % of the as received PR25XTPS1100 carbon nanofibers behaved essentially as a
Newtonian fluid with complex viscosity values only slightly higher than those exhibited by TBD epoxy system.
In Figure 3 the storage (G’) and loss (G’’) moduli values vs. frequency for the 0.5 wt% PR25XTPS2500-TBD
nanocomposite are also reported. The tendency to a plateau in G’, clearly detected at the lower frequencies, can be
attributed to the formation of an interconnected network between carbon nanofibers. Large scale relaxations in the
nanocomposite are, in fact, restrained by the presence of the CNFs indicating that the 0.5 wt % content of the heattreated PR25XTPS2500 CNFs is higher than the rheological percolation threshold [8-12].
In Figure 4 the G’ and G’’ values of the filled epoxy with the untreated and treated CNFs are compared at T = 75°C.
The results clearly evidence that the filled epoxy with the heat-treated CNFs show very high elasticity, while the
nanocomposite with as received CNFs are essentially characterized by a viscous behaviour. In the case of filled
epoxy with as received PR25XTPS1100 CNFs, the rheological percolation threshold is, therefore, higher than 0.5 wt
% CNFs. Such a difference in the rheological behaviour can be attributed to the different morphology observed in
the filled epoxy with the as received and heat-treated CNFs. Indeed, in both nanocomposites a good dispersion of the
CNFs at 0.5 wt % is achieved, but the heat-treated CNFs seem statistically less bonded to the epoxy matrix as well
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as more straight compared to the as received CNFs and the interconnected network between PR25XTPS2500
carbon nanofibers is obtained.
1E+3

G’ [Pa], G’’ [Pa]

1E+2
1E+1
1E+0
1E‐1
1E‐2

G'

G''

1E‐3
1E‐2

1E‐1

1E+0

1E+1

1E+2

ω [rad/s]

FIGURE 4. Storage (G’) and loss (G’’) moduli vs frequency () for the 0.5 wt% PR25XTPS2500-TBD nanocomposite (filled
symbols) and for the 0.5 wt% PR25XTPS1100-TBD nanocomposite (empty symbols); T = 75°C.

CONCLUSIONS
In this paper it has been shown that the inclusion of the reactive diluent 1,4-butandiol diglycidyl ether in the epoxy
resin based on the tetraglycidylmethylene dianiline (TGMDA) precursor reduces the viscosity values of the
TGMDA. The viscoelastic properties of the nanofilled epoxy composites at 0.5 wt% content of as received and heattreated CNFs evidence the formation of an interconnected network between CNFs only in the case of the heattreated PR25XTPS2500 carbon nanofibers, which seem statistically less bonded to the epoxy matrix than the as
received CNFs.
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